ABSTRACT: Eight desert tortoises Gopherus agassizii from a long-term mark-recapture study in the Mojave Desert, Nevada, USA, afforded an opportunity to examine the accuracy of skeletochronological age estimation on tortoises from a seasonal, yet environmentally erratic environment. These 8 tortoises were marked as hatchlings or within the first 2 yr of life, and their carcasses were salvaged from predator kills. Using a blind protocol, 2 skeletochronological protocols (correction-factor and ranking) provided age estimates for a set of 4 bony elements (humerus, scapula, femur, ilium) from these tortoises of known age. The age at death of the tortoises ranged from 15 to 50 yr. The most accurate protocol -ranking using the growth layers within each of the 4 elements -provided estimates from 21 to 47 yr, with the highest accuracy from the ilia. The results indicate that skeletochronological age estimation provides a reasonably accurate method for assessing the age at death of desert tortoises and, if used with a large sample of individuals, will provide a valuable tool for examining agerelated mortality parameters in desert tortoise and likely in other gopher tortoises (Gopherus).
INTRODUCTION
Age is an essential datum for demographic studies, constructing life tables, and deciphering life histories (Slobodkin 1963, p. 34) . For many animals, gathering age data on individuals is a relatively easy task because of their visibility, rapid growth, and short life spans. Age determination becomes increasingly difficult with long-lived animals, especially for ones that disappear from researchers' observations for lengthy periods of time each year. Turtles and tortoises are in this latter category (Congdon & Gibbons 1990) . Desert tortoises often limit their foraging to a few months each year (Averill-Murray et al. 2002) , owing to the harshness of their environment and the necessity to escape the intense heat and dehydrating conditions on the surface of the desert floor. Whether difficult to obtain or not, age estimates for individuals of multiple populations of the desert tortoise are critical and necessary for conservation management of this threatened species (Fish & Wildlife Service 1994 , Tracy et al. 2004 ). Skeletochronological age estimates have proved useful in modeling sea turtle populations (Heppell et al. 1999) and will broaden the age database for desert tortoises.
Desert tortoise Gopherus agassizii
Four species of tortoise occur in North America. All 4 are members of the genus Gopherus (Ernst et al. 1994) , and all 4 live in dry habitats, with aridity and environ-mental harshness increasing from east to west. The bolson tortoise Gopherus flavomarginatus (Chihuahuan Desert) and the desert tortoise G. agassizii (Sonoran and Mojave Deserts) live in truly arid environments. In addition to enduring the physiological stressfulness of its environment, G. agassizii is nearly exclusively herbivorous and largely energy-dependent on annual plants and perennial grasses that appear with seasonal rains and disappear rapidly thereafter (Nagy & Medica 1986 ). For the desert tortoise, growth is seasonal, associated with seasonal rainfall and the appearance of annual plants (Medica et al. 1975 , Germano 1994 . This dependence results in relatively slow growth, with maturity occurring at a minimum of 15 yr, later for most individuals (Germano 1994) .
This maturity estimate is, however, a species-wide one. Climate is significantly different between the Sonoran and Mojave Deserts, the former with summer and winter rains followed by fall and spring droughts and the latter with primarily winter rains and a lengthy dry season, followed by isolated, localized summer thunderstorms. Additionally, microenvironments within each of the deserts result in different dietary regimes (Oftedal 2002) ; hence, different growth rates and ages of maturity are expected. Although markrecapture studies are the most accurate method of aging individuals in reptilian populations (Zug 1991) , other less time-demanding methodologies are required. Skeletochronology is one such technique, and its accuracy can be assessed and its results calibrated through the use of known-aged individuals.
Age estimations
Previous estimates of age and growth rates in desert tortoises have used scute laminae counts, annual body size measurements, and body mass (Medica et al. 1975 , Turner et al. 1987 , Germano 1988 , 1994 . Germano's 1988 study showed that the number of scute laminae more or less corresponded to the ages of semicaptive tortoises and were within 1 to 2 scute laminae less than the known-aged tortoises in wild desert tortoises of Rock Valley. He proposed that both the number of scute laminae and long-bone growth layers could be used owing to the high correlation (r = 0.92) between them, and that these age estimates could be used to age juveniles and subadults to about 25 yr of age. Subsequently, after studying the formation of scute laminae in juvenile desert tortoises raised in captivity, Tracy & Tracy (1995) argued that Germano's 1998 study did not reflect age accurately. However, the artificiality of the rearing conditions in the Tracy & Tracy (1995) study does not support their premise that scute laminae are invalid estimators of age, although their study does demonstrate the strong influence of environmental factors on scute growth. More recently, a study of scute laminae formation in juveniles from the Mojave and Colorado Deserts (Berry 2002) found that laminae counts varied by desert region. Berry's data from 11 localities showed that a variable number (0 to 3) of laminae are produced each year and, further, that at different sites (different environments), tortoises produce laminae at different rates. Nevertheless, she stated: 'in most cases the modes and medians show 1.0 ring [lamina] formed per year,' although she identified the necessity of determining the average lamina-formation rate for each site. Berry also noted that the observation of multiple scute laminae for a single year was also derived in part from small samples and/or short-duration studies. Even though the use of annual growth layers remains contentious for some turtle biologists, a recent literature review of growth and aging (Wilson et al. 2003) demonstrated that laminae number is an accurate estimator age for many turtle species and populations until individuals therein attain maturity. That review also demonstrated the need to verify the 1 yr = 1 lamina hypothesis for each species.
The question remains, how do we obtain accurate age estimates without long-term mark-recapture studies? There are no published or validated assessments of age structure in desert tortoises. The markrecapture project in Rock Valley (three 9 ha fenced sites) documents a cohort of known-aged individuals, but it is not a sample that reflects the entire population of Rock Valley area. Thus, age structure data for most desert tortoise populations are anecdotal at best and have been based primarily upon body sizes. If we are to discern and compare life history evolution among desert tortoise populations, we need a method to estimate age accurately and quickly. Skeletochronology has been shown to be an accurate aging method for many reptiles and is the best method for estimating age structure when mark-recapture data are not available (Castanet & Smirina 1990 ). Our goal is to test the validity of the 1 yr = 1 lamina hypothesis for the desert tortoise and to determine which salvageable skeletal element yields the most accurate estimates.
MATERIALS AND METHODS
Mojave sample. In 1963, a desert tortoise markrecapture study was begun in Rock Valley, about 110 km northwest of Las Vegas, Nevada (Medica et al. 1975) ; it continues to the present. One of the initial goals was to document incremental growth of a cohort of hatchling and very small tortoises. Tortoises between 49 and 74 mm plastron length at first capture were marked between 1963 and 1966; size and scute growth layer yielded age estimates of 1 to 4 yr old for this sample (Medica et al. 1975 , Turner et al. 1987 . The mark-recapture data showed that growth among Rock Valley juvenile tortoises occurred nearly exclusively in the spring and early summer (Medica et al. 1975) . They also determined that juvenile growth averaged about 9 mm yr -1 and was correlated positively with winter rainfall and the production of winter annual plants.
Our skeletochronological sample consists of 8 of these Rock Valley marked individuals found dead in subsequent surveys between 1996 and 2003, specifically 6 adult females (USNM 560933, 560934, 560935, 560936, 560939, 560941, see Table 1 ) and 2 adult males (USNM 560937, 560938) of known age. An additional sample of 13 juvenile tortoise carcasses from Piute Valley, southern Nevada (6 from the Christmas Tree Permanent Study Plot and 7 from approx. 10 km south of this plot) were used for the calculation of an estimate of relative periosteal growth rate, the correction factor (CF). CF is a value used to estimate the number of periosteal growth layers lost through resorption in the center of the growing humerus. Standard shell measurements (carapace length and width, CL and CW, plastron length, PL) were recorded from intact shells and, where possible, longitudinal length (LL), proximal width (PW), midshaft width (MW), and distal width (DW) from all long bones was also recorded. At the microscopic level, we recorded a series of measurements in addition to counting the number of visible periosteal growth layers for each bony element: diameter of the resorption core (rcD); successive diameters of periosteal layers (plD n ); and outside diameter of bone. These measurements were made with a stage micrometer perpendicular to the longitudinal axis of the element and along the anterior-posterior axis of the bone. The successive plD n measurements represent the diameter of the bone element at the beginning of each growth period and, hence, a record of the size of the tortoise at the beginning (or end) of each growth interval. Although not used herein, the strong correlation between the diameters of the bone elements and CL or PL permits the estimation of shell length at successive growth intervals via a back-calculation procedure using a regression equation.
Skeletochronological methodology. Initially, to identify those skeletal elements with the best growthlayer signatures, we sectioned all elements of the appendicular skeleton, cervical and dorsal vertebrae, carapace elements (nuchal, neurals, peripherals), and a plastron element (epiplastron). The girdle and limb bones, specifically the humerus, femur, scapula, and ilium, had the most and clearest growth layering.
Skeletochronological examination requires histological preparation. We fixed, decalcified and processed bones with standard histological protocols. All bones embedded in Paraplast Plus© were cross-sectioned 20 µm at midshaft of each bone using a rotary microtome and stained with hematoxylin and eosin. We measured all growth layer diameters along the dorsoventral plane using a transmitting light microscope.
We use 2 skeletochronological methods to estimate ages: the ranking protocol (RP) described by Zug (1990 Zug ( , 1991 and the CF method described by Parham & Zug (1997) . CF uses an estimate of the number of growth layers plus the actual number of layers remaining in the bony element to yield an age estimate. CF is the mean slope (β) of successive growth diameters, determined from a sample of small tortoises (Piute Valley sample). The equation rcD − hatchling humerus diameter ÷ CF yields an estimate of the number of growth diameters lost. This estimate is added to the number of growth diameters observed to give an estimate of the individual's total number of diameters and an estimate of age (further details in Zug et al. 2006) .
RP relies on the sequential arrangement of individuals by their resorption core diameters, from smallest to largest. Each row of data represents 1 individual and contains its successive growth diameters (layers) and the columns produced by addition of the successive larger resorption-cored individuals. Each column represents a growth diameter class, as well as an estimated age class (Zug et al. 2006) . Two age estimates were obtained using RP. In the first, ranking was based on successive growth layers; we termed this the GL ranking protocol. An alternate method used the periosteum diameter (external or outer diameter of the bone's cross-section) to represent the final growth layer rather the last complete growth layer; we termed this the PD ranking protocol. The latter method uses the same age (or diameter) classes as GL ranking but instead assigns the visible growth layers into age classes. This modification, if GL and PD age estimates correlated, would provide a useful alternative to obtaining age estimates without sectioning bones.
Each specimen potentially has 8 age estimates, 2 (RP and CF) for each of the 4 bones (humerus, scapula, femur, ilium). However, none of our known-aged tortoises underwent all 8 estimates because all specimens were salvaged and all had died through predation. The killing and eating of each tortoise had damaged the shell and some of the elements had been consumed; subsequently, scavengers added to the damage and loss of limb and girdle elements. The size, known age, and skeletal element data are summarized in Table 1 . To estimate age we used a blind protocol, i.e. we made all age estimates without knowledge of the known ages of the individual specimens, to avoid a bias of the estimates.
Statistical analyses.
We assessed similarity between age estimates and known ages, but our primary goal was to determine which skeletochronological methodology yields the closest match between the known ages and the age estimates. We examined the similarity (or lack thereof) with both parametric and nonparametric statistics, using SYSTAT for Windows, version 11. Nonparametric tests include the sign test, Spearman's rank correlation coefficient (r S ) and Kendall's τ rank comparisons. Recognizing the difficulties of small sample sizes and associated deviation from the assumptions of parametric statistics, we examined the difference between skeletochronology age estimates and known age using the mean squared error (MSE) and root mean squared error (RMSE) to assess which estimate and bony element yielded the least error and bias to the known ages. Further, we assessed the relationship between known age and skeletochronology age and also age (independent variable) and size (dependent variable) using the Pearson productmoment correlation coefficient and least square regressions.
RESULTS
Skeletochronology, like dendrochronology, is dependent upon the number of growth layers. Unlike the latter, skeletochronology of turtles and tortoises must contend with the resorption of earlier deposited layers. For our sample, the number of periosteal layers for all individuals was less than their known age (Table 2 ). An aspect of these lost layers is the difference in the amount of resorption in different bony elements (Table 2) . For most tortoises, the ilium lost the fewest layers. These differences also show an association with known age, i.e. older tortoises have lost more layers.
The inequality of bony elements in different individuals prevents a statistical test of the homogeneity of layer loss both among different bones from a single individual and in the same bone among multiple individuals.
The Piute Valley sample comprises juveniles ranging from 54 to 123 mm CL. Their ages were not known; subsequent estimated ages range from 3 to 17 yr. They were selected as an appropriate subset for use of the diameters of their resorption cores and early growth layers to calculate CF. Because the earliest periosteal layers are lost first, knowledge of the earliest growth layer diameters and thicknesses are essential to avoid overestimates of age that would result from the use of the proportionately thinner growth layers in older juveniles and adults.
The age estimates show a disparate pattern at all levels of comparison. Within a single element -for example the ilium (Table 3 ) -the differences among the 3 age estimates of an individual range from 4 to 20 yr (n = 5). Using the same bone, the difference between known age and estimates are: GL, 0 to 9 yr; PD, 5 to 23 yr; CF, 5 to 16 yr. A similar level of variation occurs within the humeral age estimates (n = 5). Given the even smaller sample sizes (n ≤ 3), variation appears similar in the estimates calculated from the scapulae and femora.
A visual inspection of the results of the 3 types of age estimates indicates GL estimates are most similar to known age and that among all estimates the closest to known age were derived using the ilia (Table 3) . Statistical tests support this impression. Sign tests show that within a bone, CF estimates consistently yield the lowest age estimates, with the probability of equal numbers of positive and negative differences from known ages, p < 0.10 for all 4 bones. GL and PD estimates tend to be somewhat more similar to one another; however, differences remain 1-sided, e.g. p = 0.375 in GLs with the humeri, but p = 1.00 with the ilia. GL age estimates are predominantly lower than the PD ones using the humeri and femora and higher in the scapulae and ilia. Spearman's r S and Kendall's τ permit a comparison of rank order of the estimates for each bone. Centering on the larger samples, both statistics reveal the strongest match of known to estimated ages for the ilia, i.e. r S = 1.00 GL, 1.00 CF and τ = 1.00 GL, 0.97 CF. Even though the preceding statistics demonstrate that GL ranking most closely matches the age ranking in the known-aged tortoises, they do not offer a measure of how closely the estimates are to the actual ages of the tortoises. Do any of our protocols give estimates identical to known ages? Once again, inspection (Table 3) demonstrates that for both humeri and ilia, GL estimates are most similar to known age. The best estimates derive from the ilium, with 2 estimates identical to, 1 older than (by 4 yr) and 2 younger than (by 1 and 3 yr) known age.
Parametric statistics yield the same results. Mean differences between known and estimated ages (pooling the data for all 4 bones) shows that GL estimates differ least from known ages (Table 4) . Similarly, correlation analysis reveals the highest association of GL estimates and known ages (R 2 = 0. 877 GL, 0.127 PD, 0.765 CF), and highest association of GL estimates to body size (CL: R 2 = 0.924 known age, 0.886 GL, 0118 PD, 0.818 CF).
DISCUSSION
Discrete growth layers occurred in all 4 bones: humerus, scapula, femur, and ilium. The number of visible layers was roughly equivalent among the 4 bones (Table 2) , with the femur averaging the fewest and the humerus and ilium equally the greatest (22.8 periosteal layers). This comparison, however, is biased by the failure to recover each of the 4 elements from all 8 carcasses. Both the predator and subsequent scavengers consumed or scattered skeletal elements, thus preventing the recovery of all elements from the salvaged carcasses, with the exception of 1 individual. The unequal availability of bones and the desire to provide a technique for the greatest number of salvaged carcasses (both for this study and subsequent ones) led to a survey of a variety of skeletal elements and the identification of the preceding 4 bones as the ones containing the most discrete layers. The presence of discrete layering in the humerus and femur is not surprising as these elements are the standard ones used in other skeletochronological studies of amphibians and reptiles (e.g. Castanet & Smirina 1990 , Castanet et al. 1993 . The ilium and scapula have not been used previously and our discovery of their discrete periosteal layering broadens the research opportunities for others determining age in salvaged turtles. The more cylindrical morphology of the testudine scapula and ilium make GL  PD  CF  GL  PD  CF   560933  ------21  24  15  ---15  560934  35  36  21  31  23 31  33  23  25  40  31  31  36  560935  29  23  22  ------34  20  23  34  560936  34  36  23  ------40  27  25  40 The unequal sampling of bony elements potentially biases our analysis of accuracy of age estimation among the 3 methodologies (GL ranking, PL ranking, and CF estimation); however, our comparisons using a variety of nonparametric and parametric statistical tests yield the same results and conclusions. First, the most accurate age estimates (i.e. those most similar or identical to known age) for adult desert tortoises derive from the ilium, and the most accurate method is GL ranking. Where ages are over-or underestimated, it is possible that we classified a double line of arrested growth (LAG) (2 periods of arrested growth within 1 growth cycle) as 2 single LAGs or vice-versa, or that a LAG was too indistinct and not counted.
CF estimates have the greatest deviation from the known ages for adult tortoise, i.e. more than 34 yr and 220 mm CL in our sample. The likely reason that CF estimates are significantly lower in adults is that this method relies solely on hatchling and juvenile growth to determine resorbed growth rings in adults. Even though cortical remodeling is considered to some degree (within resorption core diameters), it is mainly considered in regard to juvenile growth rate (in which remodeling is usually very limited) and not the rate and extent to which it occurs in adults. CF estimates are, however, the most similar to known age in the juveniles. The juvenile sample consists of only 3 age estimates; hence, it is too small to reach any firm conclusion, but it is indicative and recommends future testing.
Our study demonstrates that it is possible to obtain reliable age estimates for desert tortoises using skeletochronology where known-age, mark-recapture data are unattainable. Skeletochronology is a relatively inexpensive, non-labor intensive method that can be used across populations. Carcasses found in the wild, which were of limited benefit before, now can be used to obtain age estimates and, along with the size of the carcasses, can be used to model growth rates in localized samples without the intense commitment required by mark-recapture studies.
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